Pectin methylesterases (PMEs) catalyze the demethylesterification of pectin, one of the main polysaccharides in the plant cell wall, and are of critical importance in plant development. PME activity generates highly negatively charged pectin and mutates the physiochemical properties of the plant cell wall such that remodeling of the plant cell can occur. PMEs are therefore tightly regulated by proteinaceous inhibitors (PMEIs), some of which become active upon changes in cellular pH. Nevertheless, a detailed picture of how this pH-dependent inhibition of PME occurs at the molecular level is missing. Herein, using an interdisciplinary approach that included homology modeling, MD simulations, and biophysical and biochemical characterizations, we investigated the molecular basis of PME3 inhibition by PMEI7 in Arabidopsis thaliana. Our complementary approach uncovered how changes in the protonation of amino acids at the complex interface shift the network of interacting residues between intermolecular and intramolecular. These shifts ultimately regulate the stability of the PME3-PMEI7 complex and the inhibition of the PME as a function of the pH. These findings suggest a general model of how pH-dependent proteinaceous inhibitors function. Moreover, they enhance our understanding of how PMEs may be regulated by pH and provide new insights into how this regulation may control the physical properties and structure of the plant cell wall. 4 The abbreviations used are: HG, homogalacturonan polymer; PME, pectin methylesterase; PMEI, pectin methylesterase inhibitor; MD, molecular dynamics; MSD, mean square displacement; RMSF, root mean square fluctuation(s); ESI, electrospray ionization; MST, microscale thermophoresis.
The cell wall of plants is an extremely organized, multifunctional, and dynamic compartment. Among many others, its functions include structural support of cells, the initiation of cellular diversification during the many life cycles of plants and protection from stress (1) (2) (3) (4) . The physicochemical structure of the plant cell wall regulates its functional properties and thus needs to be efficiently controlled through the chemical remodeling of its components, which is mainly performed through enzymatic activity (5, 6) . The main constituent of plant primary cell walls is pectin, a complex polysaccharide mostly comprising of ␣-1-4-glycosidic-linked galacturonate monomers that can be methylesterified and form diversely methylesterified linear homogalacturonan polymers (HGs). 4 The demethylesterification of HG chains, carried out by pectin methylesterase enzymes (PMEs) (7) (8) (9) , is a key process for the development and defense of plants (10, 11) . Upon the removal of methyl groups, PMEs create negatively charged monomeric units along the HG chains that can be further processed by other enzymes downstream in the enzymatic cascade (6) . Thus, PMEs are responsible for regulating the physicochemical properties of the plant cell wall, and being the first enzymes along the cascade, their activity needs to be strongly controlled. Plants control PME activity by expressing highly specialized proteinaceous inhibitors (PMEIs), which bind PMEs through the formation of a 1:1 complex as reported by the crystallographic structure of a PME-PMEI pair (12) . From a structural biology perspective, PMEs are carbohydrate-binding enzymes that show a triple ␤-helix featuring a groove that has the primary role of accommodating HG chains (13, 14) . PMEIs, on the other hand, are highly similar to plant invertase inhibitors (15) and show a fully ␣-helical structure composed of four long helices (␣I to ␣IV), with two of them (␣II and ␣III) creating the binding interface for the binding groove of PMEs and two others (␣I and ␣IV) providing structural stability to the interface helices. Overall, the four helices of PMEIs form a four-helix bundle. A fifth, N-terminal segment, composed of three short-helices (␣a, ␣b, and ␣c) has been suggested to promote the dimerization of the inhibitor (16) . Nevertheless, inhibition of PMEs can efficiently be promoted by PMEI monomers as suggested by crystallographic evidence (12) . The inhibition of PMEs is therefore achieved through a direct obstruction of the binding groove of the protein by helices ␣II and ␣III of the inhibitor, which hinders the ability of the enzyme to bind its natural substrate.
Interestingly, because the chemical regulation of the plant cell wall is crucial for the survival and development of plants, PMEs and PMEIs are expressed with a strikingly high redundancy. A paradigmatic example of this can be found in Arabidopsis thaliana, where 66 PMEs and a similarly high number of PMEIs have so far been identified (17, 18) . The reasons behind such a high redundancy are still unknown, although evidence suggests that PME activity strongly influences a wide variety of processes such as tissue development (19) , mineral homeostasis, and exposure to toxicity (20) , as well as resistance of the plant to pathogens (8) . Thus, although showing a similar structure, different PME-PMEI pairs may promote a set of specialized functions that finely orchestrate the physiology of cells during the different life stages of plants. PMEIs have indeed different inhibitory capacities according to the PME that they target and often bind their target in response to particular microenvironmental conditions such as the pH. Recently, the pH-dependent activity of the kiwi PMEI has been tested, reporting on the inhibitory capacity of the protein as a function of its structural stability (21) . Although some indications point toward a loss of secondary structure because of the reduction of the S-S bond covalently linking the ␣⌱⌱ and ␣⌱⌱⌱ helices, this reduction can only occur when the pH rises well above neutrality. On the other hand, the changes in intrinsic fluorescence observed above pH 6 may reveal subtle but functionally important conformational variations affecting the stability of the investigated complex (21) . Indeed, variations of PME-PMEI interaction at pH values around or above neutrality must occur via a mechanism aiming at destabilizing the binding between the partners.
If compared with the different inhibitory capacity in response to the change of few pH units, the high structural similarity of PMEIs suggests that the pH sensitivity must be related to the change in the protonation state of few residues that can modulate the PME-PMEIs complex stability. To elucidate the determinants of PME inhibition, it is therefore fundamental to employ the strategies able to resolve, at a high resolution, the structure and dynamics of PME-PMEI complexes. Understanding the mechanistic basis of PME inhibition has a strong significance for determining PME function in plants, as well as to finely control the activity of PMEs in industrial processes (22, 23) .
To assess the structural determinants of the pH-dependent inhibition of PMEs, we employed a combination of computational and experimental approaches, which included homology modeling that allowed to overcome the lack of structures for the PME and PMEI investigated, molecular dynamics (MD) simulations that assessed the conformational dynamics of the complex in the ns time scale and in vitro characterization of the PME-PMEI complex at different pH values. We investigated the complex between PME3 and PMEI7 from A. thaliana (AtPME3 and AtPMEI7) at pH values of 5 and 7. ⌻his PME-PMEI pair was shown to be highly sensitive to pH variations within such a range, and it has been proven to be fundamentally important for plant development (24) . We further investigated the mechanism of the pH-dependence of the AtPME3-AtPMEI7 interaction by using several strategies. We identified protonatable residues responsible for the different responsivity of the PME-PMEI complex to changes in the pH. Moreover, MD simulations allowed the identification of a potential mechanism that causes changes in the protonation state of key PMEI protonatable amino acids across the binding interface, hinders their capacity to form intermolecular contacts and instead favors the formation of intramolecular contacts. Such contacts sequestration at the binding interface reduces the stability of the complex and may be a general strategy to achieve a finely tuned pH-dependent inhibition of the target. Overall, by interlacing the high predictive ability of computer simulations with the testing capability of experiments, this study adds an additional layer of comprehension to PME-PMEI association and reveals a mechanism that could be commonly found in other PME-PMEI pairs.
Results

AtPME3 and AtPMEI7 form a pH-dependent reversible complex
The analysis of the collected MD trajectories was firstly focused on the capacity of the investigated PME and PMEI to stably interact ( Fig. S1 ). To elucidate the stability of AtPME3-AtPMEI7 complex at different pH values, the mean square displacement (MSD) of AtPMEI7 with respect to AtPME3 was monitored in all three dimensions ( Fig. 1) . A higher MSD of one of the partners, after the removal of the rotational and translational motions of the other molecule involved in the complex, would reveal how the interactions taking place at the complex interface contribute to reduce the diffusive motions of one partner with respect to the other and keep the complex stable. The MSD of AtPMEI7 shows wide oscillations at pH 7 when compared with the motions at acidic pH ( Fig. 1 ), pointing toward a reduced ability of the inhibitor to bind the target at neutral pH. The lower capacity of AtPMEI7 to bind at pH 7 was also investigated as a function of the structural stability of the inhibitor while bound to AtPME3. An analysis of the conformational dynamics of the PMEI helices revealed a consistent twist of helix ␣II, which is mostly involved in the binding of AtPME3 ( Fig. S2 ). Additionally, the dihedral space explored by helix ␣II revealed the presence of several populations at pH 7, with values of dihedral angles shifting toward regions of the Ramachandran plot that do not characterize ␣-helices (Fig. S3 ). The Ramachandran plot of the residues composing helix ␣⌱ also reports two distinct dihedral populations at the two investigated pH values, even though such a helix does not appear at the binding interface. The root mean square fluctuations (RMSF) of AtPME3 and AtPMEI7 at different pH in the apo and bound states revealed key differences in the dynamics of the two partners ( Fig. S4 ). Compared with the inhibitor, AtPME3 shows lower fluctuations. AtPMEI7, on the other hand, not only shows higher fluctuations but a remarkably diverse behavior at the two different pH values investigated. Although at pH 5 the RMSF profile of the bound AtPMEI7 suggests higher dynamics for the loops connecting helices ␣I to ␣II and ␣II to ␣III, upon binding with AtPME3 this trend is reversed and at pH 7 a higher RMSF can be seen for the loops that interact with AtPME3.
Determinants of the pH-dependence of PME-PMEI interaction
Following the discovery that AtPME3 and AtPMEI7 interact in a pH-dependent manner (21, 24, 25) and the observations made by MD simulations, we then experimentally tested the reversibility of the complex formed at pH 5. For this purpose, we incubated AtPME3 (333 nM) and AtPMEI7 at various concentrations ranging from 1.56 M to 6.10 nM, for 30 min and at pH 5 to allow complex formation as described by Sénéchal et al. (24) . The complex was subsequently transferred into buffers at different pH levels (pH 5, 6.3, and 7.5). As illustrated in Fig. 2 , the inhibition of the AtPME3 activity at pH 5 is still total when using concentrations of AtPMEI7 above 390 nM, which corresponds to the formation of a complex at a 1:1 ratio. In contrast, when the complex is transferred at pH 6.3 and 7.5, AtPME3 activity levels were similar to that of the control, showing that the AtPME3-AtPMEI7 complex formed at pH 5 can be reversibly broken when the pH is not in favor of complex stability, ultimately suggesting that the pH-dependent formation of the complex is coupled to the establishment of key interactions between protonatable chemical groups.
Key acidic residues modulate the pH-dependence of the AtPME3-AtPMEI7 association through a competitive establishment of intramolecular and intermolecular contacts
The analysis of MD simulations was then performed to understand the role of protonatable residues at the binding interface. To achieve a pH-dependent inhibition of the target, AtPMEI7 and/or AtPME3 must undergo a protonation switch for one or more residues across the pH range at which inhibition takes place. Importantly, re-incubating the sample at pH values where the inhibitory capacity of AtPMEI7 is not expected, fully restores AtPME3 activity ( Fig. 2 ), suggesting the reversibility of AtPME3-AtPMEI7 complex formation. We found that three acidic residues on the ␣⌱⌱ helix of AtPMEI7 are able to considerably shift their contact space at the two different pH investigated: these residues are Glu-79 AtPMEI7 , Glu-68 AtPMEI7 , and Glu-75 AtPMEI7 (Fig. 3 ). Although Glu-79 AtPMEI7 does not directly establish contacts with AtPME3, its deproto-nation at pH 7 favors the establishment of a stable intramolecular salt bridge with the vicinal Arg-83 AtPMEI7 . Upon raising the pH, Arg-83 AtPMEI7 loses the intermolecular contacts established at pH 5 with Glu-90 AtPME3 . The formation of the intramolecular salt bridge Glu-79 AtPMEI7 -Arg-83 AtPMEI7 at pH 7 hinders the establishment of contacts with the binding partner, hence partially destabilizing complex formation with the rise in pH. This can be evinced from the analysis of intramolecular versus intermolecular distance distributions ( Fig. 3) . At pH 5 the distance between Glu-90 AtPME3 and Arg-83 AtPMEI7 is lower than at pH 7. This trend is reversed by raising the pH, because at neutral pH, the distance between Glu-79 PMEI7 and Arg-83 AtPMEI7 becomes lower (Fig. 3, A and B) with conformer populations shifted toward the establishment of a salt bridge rather than a hydrogen bond ( Fig. 3, G and H) . Importantly, this mechanism of competition between intramolecular and intermolecular contacts and increasing concentrations of AtPMEI7 were mixed for 30 min at pH 5 to induce complex formation, before being transferred to gel diffusions at pH 5 (black), pH 6.3 (gray), and pH 7.5 (white). AtPME3 activity was measured as the halo diameter revealed by ruthenium red staining after 16 h of incubation time, and the results are presented as the percentages of control activity (AtPME3 incubated without AtPMEI7). The results are the means Ϯ standard deviation of two independent replicates.
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is not isolated to a single pair of residues but can also be observed for the other two acidic residues that, conversely to Glu-79 AtPMEI7 , directly establish contacts with AtPME3. At pH 5 Glu-68 AtPMEI7 establishes a strong hydrogen bond with the backbone carbonyl oxygen of Gly-76 AtPME3 , whereas the change in protonation at pH 7 favors the establishment of an intramolecular salt bridge with Arg-65 AtPMEI7 . The distance distributions defining the contact between these two residues are also swapped at the two different pH values investigated ( Fig. 3, C and D) . Similarly, Glu-75 AtPMEI7 establishes a strong (distance between interacting residues of ϳ0.2 nm) hydrogen bond with His-81 AtPME3 . Such a contact is lost because the carboxylate group created at pH 7 upon Glu-75 AtP -MEI7 deprotonation interacts with Lys-50 AtPMEI7 located on the ␣⌱ helix ( Fig. 3, E and F) .
A subsequent analysis of the ability of Glu-68 AtPMEI7 and Glu-75 AtPMEI7 to establish hydrogen bonds with AtPME3 revealed that these residues may play an important role in defining complex stability and formation. The autocorrelation function calculated for the monitored hydrogen bonds made by Glu-68 AtPMEI7 and Glu-75 AtPMEI7 reveals a faster decay at pH 7 with different magnitudes observed for the two residues. Although involvement of Glu-68 AtPMEI7 in establishing hydrogen bonds drops only slightly with the raise of pH, for Glu-75 AtPMEI7 the same autocorrelation is fully lost within the early nanosecond time scale, suggesting a stronger contribution of Glu-75 AtPMEI7 to the stability of the complex (Fig. 4) . Overall, these observations more generally suggest that the competition between intramolecular and intermolecular contacts of the partners may destabilize, at higher pH values, the binding interface changing the half-life of the complex.
Mutated forms of AtPMEI7 are altered in their inhibiting capacity toward orange PME and PME from root cell wall extracts
To investigate the role of residues predicted by MD simulation as potentially involved in the pH-dependence inhibition of AtPME3, either wild-type AtPMEI7 or their mutated forms E68A and E75A were expressed in Escherichia coli. Purification was achieved through His-tag affinity chromatography of recombinant wild-type and mutant proteins followed by Western blot analysis using antibodies raised against the His tag. This showed a clear band at molecular mass ranging from ϳ20 to 33 kDa, visible for wild-type and mutated forms of AtPMEI7 and absent in the empty vector (pQE and pET) ( Fig. S5, A and  B) . Excision of clear bands on resolving SDS-PAGE, followed by trypsin digestion and peptides identification by nano-LC-ESI-MS/MS, confirmed the production and purification of recombinant wild-type and mutated forms of AtPMEI7. Moreover, substitution of a Glu residue to an Ala residue in E68A and E75A was validated by the identification of alanine in the corresponding peptides (Fig. S5C ). Purified fractions were used for PME activity inhibition tests on orange PME and on total PME activity from 10-day-old roots cell wall-enriched protein extract. Increasing quantities of recombinant wild-type and mutated forms of AtPMEI7 were incubated for 30 min in the presence of 1 milliunit of PME activity and then loaded into the wells of gel diffusion at pH 5 and 7 for orange PME (Fig. 5, A and  B) and root PMEs (Fig. 5, C and D) . At pH 7, neither orange nor root PMEs were inhibited with whichever AtPMEI7 form was used (Fig. 5, B and D) . On the contrary, at pH 5, PMEI7 mutated version E68A (as the wild-type protein) is able to inhibit orange PME activity, whereas E75A differs in this ability as shown in Fig. 5A . These differences were even more striking when considering the inhibition of PME activity from root extracts ( Fig.   Figure 3 . Competition between intramolecular and intermolecular contacts in titratable residues of AtPMEI7. A-F, distributions of intramolecular (within AtPMEI7) (A, C, and E) and intermolecular (B, D, and F) distances for residues involved in modulating AtPME3-AtPMEI7 complex stability at pH 5 (blue) and pH 7 (red). G-N, conformer populations of the residues involved in the intramolecular contacts as sampled in MD simulations. Conformers are shown every ns of the collected trajectories. AtPME3 is shown in gray, and AtPMEI7 is shown in blue for pH 5 and in red for pH 7, respectively.
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5C). When using 1 g of wild-type or mutated forms of AtP-MEI7, the inhibition of PME activity from roots was ϳ30, 90, and 90% for E75A, E68A, and AtPMEI7, respectively. The same figures were ϳ50, 90, and 90% when considering orange PME (Fig. 5, A and C) . Overall, this suggests that AtPMEI7-PME interactions are likely to depend on the PME considered but at the same time suggests that Glu-75 plays an important role in defining the stability of different AtPMEI7-PME complexes.
Glu-75 plays a fundamental role in the pH-dependence of the AtPMEI7-AtPME3 interaction.
AtPME3 protein was used to assess whether recombinant wild-type or mutated forms of AtPMEI7 differ in their inhibiting capacity toward a purified isoform of the protein expressed by A. thaliana. Increasing quantities of wild-type and mutated AtPMEI7 were incubated for 30 min in presence of 1 milliunit of AtPME3 and loaded into the wells for gel diffusion at pH 5 and pH 7 (Fig. 5, E and F) . No inhibition of AtPME3 activity was measured at pH 7, whatever the forms of AtPMEI7 used (Fig.  5F ). In contrast, in acidic conditions, E75A appeared inefficient in inhibiting AtPME3 whatever the protein quantities used, thus fully validating the predictions of MD simulations ( Fig. 5E  and Fig. S6 ). To overcome cloning difficulties, the E75A construct was cloned in a distinct vector, which led to the production of a protein with a longer N-terminal extension and thus a higher molecular mass (Fig. S5A ). To rule out the possibility that the lack of inhibition by E75A could be related to the N-ter-minal extension of the protein, E75A was digested by enterokinase and, after purification and validation comparing molecular mass and sequence (Fig. S7, A and B) , was incubated with AtPME3. As observed for the non-cleaved E75A AtPMEI7, no inhibition of AtPME3 activity was measured at pH 5 ( Fig. S7C and Fig. 5E ), therefore dismissing a potential conformational issue in the E75A form of AtPMEI7. When using E68A, no differences were observed with the wild-type form of AtPMEI7, thus questioning the real importance of residue Glu-68 in defining the stability of the AtPME3-AtPMEI7 complex. To assess the thermodynamics of the complex between AtPME3 and wild-type or mutated AtPMEI7, we employed microscale thermophoresis (MST) to monitor the changes in the dissociation constant (K d ) at pH 5, because at this pH the maximal inhibition of AtPME3 is observed. Labeled AtPME3 at a constant concentration (333 nM) was titrated with recombinant wild-type or mutated forms of AtPMEI7 (from 10 mM to 0.6 nM), and the in vitro binding affinities were determined. To have an interaction as close to that which was used for the gel diffusion assays, purified proteins in acidic buffer were mixed with 0.1% pectin. From the determined fit curves, the K d was estimated for each AtPME3-AtPMEI7 pairs (Fig. 6) . The obtained results for MST overall corroborated the inhibition tests. Wild-type AtPMEI7 indeed showed the highest binding affinity with AtPME3, with a K d of ϳ1 M, whereas E75A has the lowest affinity with a K d larger than 20 M, which approxi- 
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mately accounts for a 20-fold decrease in affinity. Although the K d determined for E68A was 4.6 M, representing a 4-fold increase with respect to the wild-type AtPMEI7 (Fig. 6 ), no significant change in the inhibiting ability of AtPME3 was measured. This could reflect differences in the sensitivity of the methods and notably the fact that changes in PME activity were measured over a large time course.
Discussion
PME enzymes are critically involved in physiologically relevant remodeling of the plant cell wall and, at the same time, are of industrial interest to extract pectin polysaccharides with a controlled degree of methylesterification (26, 27) . Understanding the mechanism leading to their inhibition would both provide opportunities to comprehend how plants develop and engineer the inhibition of PMEs in industrial applications. We have studied the inhibition of PME3 by PMEI7 in A. thaliana, previously described as being pH-dependent, by employing a multidisciplinary approach that involved both computations and experiments. The study pointed toward a mechanism that encompasses the competition between intramolecular and intermolecular contacts in the PMEI. The deprotonation of acidic amino acids would shift the conformer populations of such residues so that intramolecular salt bridges are formed with positively charged residues sitting in the vicinity of titratable residue. The competition of intramolecular and intermolecular interactions has been established to be an important mechanism for regulating protein-binding (28 -30) and protein aggregation at low pH (31) and to regulate protein posttranslational modifications crucial in cellular signaling (32) . This could potentially be a mechanism commonly used by PMEIs that work in a pH-dependent manner and will be the subject of further investigations. Previous investigations on a plant cell-wall invertase inhibitor showed how the protonation shift of a network of acidic residues is majorly responsible for the pH-dependent inhibitory activity of the protein (33) . Interestingly, a comparison of the sequences between AtPMEI7 and Figure 5 . Inhibition of PME activity by wild-type or mutated forms of AtPMEI7. Shown are AtPMEI7, Glu-68, and Glu-75 on orange PME activity at pH 5 (A) and pH 7 (B), on total PME activity from 10 day-old root at pH 5 (C) and pH 7 (D), and on purified AtPME3 activity at pH 5 (E) and pH 7 (F). For each of the experiments, 1 milliunit of PME activity was used with a range of 0.5-1.5 g of recombinant wild-type or mutated AtPMEI7s. The results are the means Ϯ standard deviation. The same variations are shown for three replicates. EV, empty vector.
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a recently characterized pH-independent PMEI from A. thaliana (AtPMEI9) reveals that residues Glu-68 AtPMEI7 and Glu-75 AtPMEI7 involved in the formation of intramolecular contacts at acidic pH are not conserved (25) . It is important to mention that the consideration of these two residues as solely responsible for the pH-dependent inhibition of AtPME3 by AtPMEI7 may be too simplistic, especially considering that protonatable residues widely span the binding interface. Nevertheless, simulations were able to pinpoint Glu-75 AtPMEI7 as crucial to the pH-dependence of the association. Experiments confirmed lack of inhibition in activity assays and the lower thermodynamic stability of the AtPME3-AtPMEI7 E75A complex with an overall 20-fold reduction of affinity between the partners. Interestingly, the thermodynamic stability of the E68A mutant in complex with AtPME3 is in apparent contradiction to what the activity profiles of AtPME3 show because AtPMEI7 E86A did not show a significantly different inhibitory capability compared with the wild type, even though van't Hoff plots report on a reduced K d of ϳ4-fold. This could be related to the time scale of the experiments (15 min to obtain the K d and overnight to determine PME activity). On the other hand, the RMSF profiles observed for the apo and unbound AtPMEI7 states, with the peculiar lowering of dynamics observed at pH 7, are most likely dictated by the establishment of a series of interactions that enhance the binding at lower pH, whereas the fluctuations of such loops eventually increase instability also having an effect at the binding interface. This finding may point toward a more generalized and less specific strategy to destabilize PME-PMEI complexes, because it could involve tuning, upon mutations, the dynamics of the loops connecting the ␣-helices of the inhibitor that participate in the complex. These outlined findings highlight, on one side, the importance of approaching the study of PME-PMEI complexes using a multidisciplinary approach that can unveil different biochemical, structural, and dynamical features of the investigated systems at once and on the other side to elucidate potential strategies adopted by PMEIs to inhibit their partners. Ultimately, the detailed comprehension of the molecular determinants that finely regulate the activity of PMEIs in different microenvironments will allow us to understand how protein-protein interactions can be so tightly regulated within a highly redundant proteome and will improve the comprehension of the physiological processes of plants in doing so, providing the means for the use of PMEIs in industrial processes of economic interest.
Experimental procedures
Homology modeling and molecular dynamics simulations of AtPME3, AtPMEI7, and AtPME3-AtPMEI7 complexes
To perform MD simulations of the AtPME3-AtPMEI7 complex, models were created through homology modeling by using as a template the PME from tomato (Solanum lycopersicum) and the PMEI from kiwi fruit (Actinidia chinensis), which have been previously co-crystallized into a 1:1 complex (12). MD simulations were performed at pH 5 and 7 by adjusting the protonation state of protonatable residues for both partners. The pK a for all the protonatable side chains were calculated through an empirical approach using the software PROPKA version 3 (34, 35) , and hydrogen atoms were added according to the calculated protonation states. Molecular topologies were obtained using the Amber99-sb*-ILDN force field (36) , and the complex was then placed into a cubic box of dimensions 15 nm 3 . The box was then solvated using TIP3P water molecules (37) . At each pH, adding Na ϩ or Cl Ϫ counter ions neutralized the net charge of the system. Additionally, sodium and chloride ions were added to reach a final salt concentration of 0.15 M. The complex was subsequently minimized by using a steep descent algorithm with a tolerance of 10 Ϫ6 kJ mol Ϫ1 nm Ϫ1 until convergence within the set tolerance was reached. Equilibration was then achieved in two steps. First, in a NVT ensemble, the temperature of the system was coupled to a value of 300 K using the V-rescale thermostat (38) . In this step the velocity of Determinants of the pH-dependence of PME-PMEI interaction each particle composing the system was assigned randomly and followed a Boltzmann distribution. Second, a NpT equilibration step in which pressure and temperature were kept constant at the values of 1 atm and 300 K, respectively was performed. The pressure was kept constant by using the Parrinello-Rahman barostat (39) and coupled every 0.5 ps. Both NVT and NpT steps had a duration of 500 ps, in which protein atoms were subjected to positional restraint through the application of a restraining harmonic potential of 1000 kJ mol Ϫ1 in each dimension. Subsequently to reach the equilibration of the complex, 50-ns-long production MD runs were performed in three replicates at each investigated pH using a 2-fs time step. A cutoff of 1 nm was used to sample 12-6 Lennard-Jones and electrostatic interactions in direct space. The latter were computed using the particle mesh Ewald summation method in Fourier space over the above mentioned cutoff.
Non-bonded interactions were sampled by building a neighbor list every 10 ps, and the Verlet cutoff scheme was used to compute interparticle interactions (40) . During production runs, temperature and pressure were coupled every 0.5 ps to the values of 300 K and 1 atm using a V-rescale thermostat and a Parrinello-Rahman barostat, respectively. The analysis of the collected trajectories was performed on the last 30 ns as the first 20 ns were considered as equilibration time by using tools available in the GROMACS suite or built in-house. Images of the proteins were created using the Visual Molecular Dynamics (41) and the Chimera (42) visualization packages.
Cloning, expression, and purification of recombinant proteins
Cloning, expression, and purification of AtPME3-6ϫHis from a transgenic tobacco line was performed as described by Sénéchal et al. (43) . In the text, purified AtPME3-6ϫHis are referred to as either "AtPME3" or "recombinant AtPME3." The wild-type AtPMEI7 construct used for bacterial expression (pQE-30 vector; Qiagen) has been described previously (24) . The codons for Glu-68 and Glu-75 in the cDNA of AtPMEI7 were mutated into Ala to obtain two simple mutants (E68A and E75A). The E68A mutant sequence was cloned into pQE-30 vector, and E. coli strain Rosetta-gami was transformed. To obtain E75A mutant protein, the E75A mutated sequence was subcloned in pMK vector (Invitrogen). The recombinant pMK vector was digested with BamHI and SalI, and the E75A mutant sequence was subsequently inserted into the same sites of pET-30a(ϩ) vector (Novagen). This was necessary to overcome cloning difficulties in pQE vector. For the E75A mutant, E. coli strain Rosetta-gami 2 was used as an expression strain. E. coli bacteria were grown in LB medium at 37°C to reach an A 600 of 0.6 with 100 g/ml ampicillin, 12.5 g/ml tetracyclin, 50 g/ml streptomycin, and 15 g/ml kanamycin for Rosetta-gami strain carrying 6ϫHis-AtPMEI7 and 6ϫHis-E68A constructs or with 50 g/ml kanamycin, 12.5 g/ml tetracyclin, and 50 g/ml streptomycin for Rosetta-gami 2 strain carrying the 6ϫHis-E75A construct. The expressions of the fusion proteins were induced by the addition of 0.2 mM isopropylthio-␤-galactoside and subsequently grown at room temperature for 17 h. The bacterial pellet was harvested by centrifugation. Protein extraction was performed by resuspension and incubation of this pellet in a lysozyme solution (1 mg/ml), and this step was followed by sonication. The lysate was collected by centrifugation and used to perform purification using nickel-nitrilotriacetic acidagarose resin (Qiagen, catalog no. 30210). Purification was performed by elution at pH 8 using a buffer at containing 50 mM Na 2 HPO 4 , 300 mM NaCl, and increasing concentrations of imidazole from 40 to 500 mM. Clear purified fractions were used for all experiments. In the text, purified 6ϫHis-AtPMEI7, 6ϫHis-E68A, and 6ϫHis-E75A are referred to as AtPMEI7, E68A, and E75A, respectively or, more generally, as recombinant AtPMEI7.
Protein analysis
For Western blot and proteomic analyses, the proteins were resolved using a 15% acrylamide/bisacrylamide SDS-PAGE, using a running buffer composed of 25 mM Tris-base, 192 mM glycine, and 0.1% SDS at pH 8.7. After electrophoresis and washes, proteins were stained with PageBlue protein staining solution (Thermo Scientific, catalog no. 24620) and destained with distilled water for proteomic analysis or directly transferred on Hybond-P PVDF transfer membrane (GE Healthcare, catalog no. RPN303F) for Western blot analysis. To identify recombinant wild-type and mutated forms of 6ϫHis-AtPMEI7, proteins were transferred from resolving gel to PVDF blotting membrane using appropriate cathode and anode buffers and a Trans-Blot TURBO transfer system (Bio-Rad, catalog no. 170-4155) at 25 V and 1 A for 30 min. Transferred proteins were incubated for 1 h at room temperature under shaking with 1:3000 dilution of commercial primary antibody raised against His tag and directly coupled with peroxidase (Sigma, catalog no. A7058). The immunoblot analysis was performed using the DAB substrate for peroxidase (Thermo Scientific, catalog no. 34002) following the supplier's manual. To dismiss the hypothesis that the occurrence of the N-terminal extension of E75A construction could influence the property of the inhibitor, a digestion by enterokinase was realized. After fixation of the crude cell lysate onto nickel-nitrilotriacetic acid resin as described previously, a buffer composed of 25 mM Tris-HCl, 50 mM NaCl buffer, 2 mM CaCl 2 at pH 7.5 with 20 units of enterokinase (Bio Basic Inc., catalog no. RC572) was added to the resin. After overnight incubation, at room temperature, the resin was separated by centrifugation, and the eluate was analyzed by SDS-PAGE, immunodetection, and LC-ESI-MS/MS. Inhibition test with E75A with and without the N-terminal extension was also undertaken. For peptide identification by LC-ESI-MS/MS, excision of bands from the gel and trypsin hydrolysis were performed, and all digested peptide mixtures were separated online using nano-LC and analyzed by nano-electrospray tandem mass spectrometry according to the method previously described (43) . The experiments were performed on an Ultimate 3000 RSLC system coupled with an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific).
Inhibition test of PME activity by gel diffusion assay
Inhibition of PME activities by recombinant wild-type and mutated forms of AtPMEI7 were quantified by a gel diffusion assay (43) at various pH levels with some modifications (44) . For assays on total PME activity, protein extraction from Arabidopsis 10-day-old roots was performed according to a previously published method (45): 50 mg of fine powder of frozen Determinants of the pH-dependence of PME-PMEI interaction material was mixed with 50 mM sodium phosphate dibasic buffer, containing 20 mM citric acid, 1 M NaCl, and 0.01% Tween 20, at pH 7.0, for 1 h at 4°C with shaking. The extracts were clarified by centrifugation at 20,000 ϫ g for 30 min at 4°C. For the assays on purified PMEs, commercial orange PME (Sigma, catalog no. P5400) and Arabidopsis AtPME3 were used (24) . Protein concentrations were quantified by the Bradford method (46), using a protein assay dye reagent concentrate kit (Bio-Rad, catalog no. 500-0006). To load identical activities (milliunits or nmol/min) in each well, quantification of PME activities were performed as described in Baldwin et al. (47) . For each experiment, 1 milliunit of orange PME, of AtPME3, and of total PME activity from 10-day-old root cell wall-enriched protein extracts in a volume of 5 l were preincubated for 30 min at room temperature with 5 l of wild-type or mutated forms of AtPMEI7s at different concentrations. Then the reaction mixtures were loaded into each well in the gels containing 0.1% of pectin from citrus at degree of methylesterification Ͼ 85% (Sigma, catalog no. P9561) and prepared at pH 5, 6.3, or 7. To assess the reversibility of the complex, AtPME3 and wildtype AtPMEI7 were mixed for 30 min at pH 5 in the same concentration that previously described (24) to induce complex formation. After incubation, the mixes were loaded on the gel diffusion at three different pH levels: 5, 6.3, and 7.5. After incubation at 37°C for 16 h, gel was stained with a 0.02% (w/v) ruthenium red solution for 1 h and washed with distilled water to reveal PME activity. Diameters of the red halos around each well were measured using ImageJ software (48 -50) , and PME activity based on red-stain diameter was quantified using a standard curve, derived from commercial orange PME (Sigma, catalog no. P5400), as previously described (51) .
Molecular interaction assay and determination of thermodynamic parameters
Molecular interaction between purified AtPME3 and wildtype or mutated forms of AtPMEI7s, as well as thermodynamic parameters, were analyzed using MST, according to the method previously described (52) (53) (54) (55) . For each experiment, lysine residues of AtPME3 were labeled, according to manufacturer's recommendations, with the Monolith protein labeling kit blue NHS amine reactive (NanoTemper, catalog no. MO-L003) and conserved in a 50 mM sodium phosphate buffer at pH 7.5 containing BSA 0.1%. Wild-type or mutated forms of AtPMEI7 were transferred in a 50 mM sodium acetate buffer at pH 5 with 300 mM NaCl using a PD SpinTrap G-25 column (GE Healthcare, catalog no. 28-9180-04) following the manufacturer's protocol. For all experiments, a constant concentration of labeled AtPME3 (333 nM) was titrated with decreasing concentrations of non-labeled recombinant AtPMEI7 from 10000 nM to 0.6 nM and mixed with pectins from citrus (degree of methylesterification Ͼ 85%, Sigma, catalog no. P9561) at a 0.1% final concentration. The resulting mixtures were incubated 15 min at room temperature and then loaded into a Monolith NT.115 series capillaries standard treated (NanoTemper, catalog no. MO-K002). Thermophoresis experiments were performed with 40% of MST power and 80% of LED power for fluorescence acquisition, according to the method previously described by Sénéchal et al. (24) . Room temperature was kept constant at 22°C for comparisons of the molecular interactions between AtPME3 and various forms of AtPMEI7.
